Abstract: Microsatellites or simple sequence repeats (SSRs) are highly useful molecular markers for plant improvement. Expressed sequence tag (EST)-SSR markers have a higher rate of transferability across species than genomic SSR markers and are thus well suited for application in cross-species phylogenetic studies. Our objectives were to examine the amplification of tall fescue EST-SSR markers in 12 grass species representing 8 genera of 4 tribes from 2 subfamilies of Poaceae and the applicability of these markers for phylogenetic analysis of grass species. About 43% of the 145 EST-SSR primer pairs produced PCR bands in all 12 grass species and had high levels of polymorphism in all forage grasses studied. Thus, these markers will be useful in a variety of forage grass species, including the ones tested in this study. SSR marker data were useful in grouping genotypes within each species. Lolium temulentum, a potential model species for cool-season forage grasses, showed a close relation with the major Festuca-Lolium species in the study. Tall wheatgrass was found to be closely related to hexaploid wheat, thereby confirming the known taxonomic relations between these species. While clustering of closely related species was found, the effectiveness of such data in evaluating distantly related species needs further investigations. The phylogenetic trees based on DNA sequences of selected SSR bands were in agreement with the phylogenetic relations based on length polymorphism of SSRs markers. Tall fescue EST-SSR markers depicted phylogenetic relations among a wide range of cool-season forage grass species and thus are an important resource for researchers working with such grass species.
Introduction
The Noble Foundation is engaged in developing improved cultivars of cool-season grasses, such as tall fescue (Festuca arundinacea) , Russian wildrye (Psathyrostachys juncea), and tall wheatgrass (Thinopyrum ponticum), through both conventional and molecular breeding techniques. Development and utilization of molecular markers for these complex polyploid species lag far behind the achievements for major crop plants. Recently, we have developed expressed sequence tags (ESTs) (Mian et al. 2002a ) and EST-SSR (simple sequence repeat) markers (Saha et al. 2004 ) from tall fescue.
Tall fescue is used as a cool-season forage and turf grass in the temperate regions of the world and belongs to the grass family Poaceae, subfamily Pooideae, tribe Poeae. Tall fescue contains 3 genomes (PG1G2) and is an allopolyploid (2n = 6x = 42). The P (2n = 2x = 14) genome is from F. pratensis, and the G1G2 (2n = 4x = 28) genome is from F. arundinacea 'glaucescens' (Sleper 1985) . The genus Lolium contains several diploid species (2n = 2x = 14), including the outcrossing perennial L. perenne, the annual L. multiflorum, and the self-pollinating L. temulentum. These species are of major interest to tall fescue researchers because of a close relation with Festuca and compatibility in crossing with Festuca (Terrell 1966) . Because of the complex biology of the cultivated cool-season forage grasses (e.g., tall fescue), it is highly desirable to establish a model system for investigating the basic molecular biology of these grass species. Darnel ryegrass (L. temulentum) has several attractive features as a model system, e.g., it is a selfpollinated diploid with no vernalization requirement and has a short (3-4 months) life cycle. Further examination of the genetic relation of darnel ryegrass with tall fescue and other major Festuca and Lolium species is needed.
Microsatellites or SSR markers are widely used in cultivar fingerprinting, genetic diversity assessment, molecular mapping, and marker-assisted breeding. High rates of transferability of SSR loci across species (>50%) within a genus have been reported (Peakall et al. 1998; Gaitán-Solís et al. 2002; Dirlewanger et al. 2002; Thiel et al. 2003; Saha et al. 2004) . However, the transferability of SSR loci across genera and beyond appears to be low (White and Powell 1997; Peakall et al. 1998; Roa et al. 2000; Thiel et al. 2003) . EST-SSR markers are derived from transcribed regions of DNA and are expected to be more conserved and have a higher rate of transferability across species than genomic SSR markers (Scott et al. 2000) . Because of this transferability, EST-SSR markers are well suited for application in cross-species genetic studies (Kantety et al. 2002; Thiel et al. 2003; Eujayl et al. 2004; Saha et al. 2004) .
The conservation of grass genomes has been documented (Gale and Devos 1998) . Comparative maps based on RFLP markers have been constructed for the Pooideae subfamily using wheat, barley, and rye (Devos et al. 1993; Van Deynze et al. 1995) . Perennial ryegrass and Triticeae cereals have been found to be highly conserved in terms of synteny and colinearity (Jones et al. 2002) . These studies revealed a high level of genome conservation at the macro-syntenic scale among various grass species. Genome conservation has also been revealed among more distantly related grass species (Ahn and Tanksley 1993; Kurata et al. 1994; Gale and Devos 1998) .
Only a few RFLP-based studies have been conducted to evaluate genetic relations among forage grass species. Xu and Sleper (1994) used RFLP to study the phylogenetic relation of tall fescue with 6 related grass species. Charmet et al. (1997) used RFLP and cpDNA for phylogenetic analysis of the Festuca-Lolium complex. RFLP probes generated from turf grass species were successfully employed for establishment of phylogenetic relation in turf grasses (Yaneshita et al. 1993) . Even though RFLP markers are reliable and effective, their use has remained limited as a result of slowness, requirements for large amounts of DNA, and high labor inputs. Thus, PCR-based marker systems have been used more extensively for genetic diversity studies in forage and turf grasses.
RAPD markers have been used to investigate genetic variation within forage and turf grass species (Huff et al. 1993; Vallés et al. 1993; Wu and Lin 1994; Sun et al. 1999; Diaby and Casler 2003; Casler et al. 2003) , as have amplified fragment length polymorphism (AFLP) markers (Roldan-Ruiz et al. 2000; Zhang et al. 1999; Mian et al. 2002b; Larson et al. 2003; Vergara and Bughrara 2003) . However, because of their anonymous and dominant nature, RAPD and AFLP markers have limited utility in genetic studies, particularly across species. PCR-based co-dominant and portable SSR markers are more useful than dominant markers for such studies (Wang et al. 2001) . SSRs have been found to be highly effective for differentiating cultivars of perennial ryegrass (Kubik et al. 2001) , as well as discriminating among Lolium and Festuca grasses (Pašakinskien et al. 2000) . At present, there are only a limited number of publicly available SSR markers for perennial and annual ryegrasses, meadow fescue, and tall fescue (Saha et al. 2004) . No SSR markers have been developed for the other 6 forage grass species included in this study.
The objectives of the current study were (i) to test tall fescue EST-SSR primer pairs for cross-species amplification of SSR markers in 12 grass species, and (ii) to determine the phylogeny of these species using EST-SSR marker data.
Materials and methods

Plant materials
Fifty-four genotypes from 12 grass (Poaceae) species of 8 grass genera were used for this study (Table 1) . These genotypes represent diploids, tetraploids, hexaploids, annuals, and perennials from cross-and self-pollinated grass species. The 10 cool-season forage grass species are each represented by 5 genotypes; rice and wheat each are represented by 2 genotypes. The 2 rice genotypes are the parents of a mapping population (Temnykh et al. 2000) , and the 2 wheat genotypes are the parents of a mapping population (Van Deynze et al. 1995) . All grass species in this study belong to subfamily Pooideae, except rice, which belongs to subfamily Bambusoideae.
DNA isolation, PCR amplification, SSR screening, and sequencing of PCR bands DNA was extracted according to Saha et al. (2004) . One hundred and forty-five tall fescue EST-SSR primer pairs re-ported by Saha et al. (2004) were tested in this study. The PCR procedure was run under standard conditions using 1 unit of AmpliTaq Gold ® with GeneAmp PCR buffer II (Applied Biosystems/Roche, Branchburg, N.J.) as described by Saha et al. (2004) . PCR products were separated on 6% polyacrylamide denaturing gels (Gel Mix 6, Invitrogen Life Technologies, Carlsbad, Calif.). SSR bands were stained using the Silver Sequence Kit (Promega Corporation, Madison, Wis.) for visual detection. Selected PCR products were sequenced following the protocols described in Saha et al. (2004) .
Allele scoring and evaluation of polymorphism
Band size is reported for the most intensely amplified band for each SSR or the average of the stutter if intensity was the same using a 10-bp DNA ladder (Invitrogen Life Technologies, Carlsbad, Calif.) as the reference point. Polymorphism was determined by the presence or absence of an SSR band.
Cluster analysis
For clustering, SSR bands were scored as present (1) or absent (0) for each of the 54 genotypes on the panel. Genetic similarity among the genotypes was calculated according to DICE (qualitative data module) coefficients (Dice 1945 ) of the Numerical Taxonomy and Multivariate Analysis System (NTSYS-pc) software package (version 2.1, Exeter Software, New York, N.Y.; Rohlf 2002) . The DICE coefficients are the same as Nei and Li's (1979) similarity coefficients. Similarity coefficients were used to construct UPGMA (unweighted pair group method with arithmetic means) dendrograms using the SAHN module of the NTSYS-pc. The FIND module of the NTSYS-pc software was used to identify all trees that could result from different choices of tied similarity or dissimilarity values.
Results
Initial screening
One genotype from each of the 12 species listed in Table 1 was screened using the tall fescue EST-SSR primer pairs. Nearly 43% of the primer pairs produced PCR bands in at least 10 species. Ten percent of primer pairs were species specific. From this initial screening 71 primer pairs with clear banding patterns were selected for screening the panel of 54 genotypes.
Distribution of markers across species
A total of 1666 SSR bands were scored from 71 primer pairs with an average of 23.5 bands per primer pair across all 54 genotypes representing 12 grass species from 8 genera. The primer pair NFFA07 produced the greatest number of bands (40), and several primer pairs (NFFA05, 66, 74, and 147) produced the least number of bands (9). Forty-six of the 71 selected primer pairs worked in all 12 species (Table 2). All 71 primer pairs worked in tall fescue, followed by red fescue with 70 informative primer pairs. Rice had the fewest number of informative primer pairs (55). Sixty-seven primer pairs gave amplification products across all 3 Festuca species, and 65 primer pairs amplified bands across the 3 Lolium species. Sixty-three primer pairs worked across the 6 Festuca and Lolium species (Table 2) .
There was a wide variation among species in the average number of bands per primer pair ( Table 2 ). The hexaploid wheat had the highest average number of bands (2.5) followed by the hexaploid tall fescue (2.4). All diploid species, with the exception of rice, had a lower average number of bands per primer pair than the polyploid species (Table 2) . Rates of polymorphism of the SSR markers were high within each forage grass species in this study (≥60%). Polymorphism in rice (40%) and wheat (45%) was lower than in the forage grasses. 
Cluster analysis
The dendrogram produced from the DICE similarity coefficients based on 1666 PCR bands clearly separated each species and clustered all genotypes of each species together (Fig. 1) . All 3 Lolium species (L. perenne, L. multiflorum, and L. temulentum) were clustered together as expected. However, L. perenne and L. multiflorum were more closely related to each other than they were to L. temulentum. Two of the 3 Festuca species (F. arundinacea and F. pratensis) were grouped together, whereas the third Festuca species, F. rubra, was grouped with Dactylis glomerata (orchardgrass). All 3 genera (Lolium, Festuca, and Dactylis) of the tribe Poeae formed a loose cluster together (Fig. 1) . Similarly, all 3 genera from the tribe Triticeae, Thinopyrum (tall wheatgrass), Triticum (wheat), and Psathyrostachys (Russian wildrye), also formed a loose cluster. Smooth bromegrass (Bromus inermis), the lone species from the tribe Bromeae, and rice (Oryza sativa), the single species from the tribe Oryzeae of the subfamily Bambusoideae, each were in separate clusters of their own.
DNA sequence comparison of SSR bands
DNA sequences of the PCR bands from 1 genotype of each of the 12 grass species were very informative. PCR products obtained from 2 different primer pairs revealed a similar pattern of differences among the species. The tall fescue PCR band from primer pair NFFA150 had all 7 CTG repeats that were present in the EST from which the primer pair was designed (Fig. 2) . Meadow fescue had 5 of the 7 repeats with 2 single-base substitutions in the flanking regions. Red fescue had 3 repeats, and 1 repeat was interrupted by single-base substitutions, 5 single-base substitutions, and a 3-base deletion in the flanking regions. Perennial ryegrass and Italian ryegrass each had 4 of the 7 CTG repeats, and 1 repeat was interrupted by single-base substitutions in both species. There were only 2 single-base substitutions in the flanking regions in both species. Darnel ryegrass had 3 CTG repeats, and 1 repeat was interrupted by a single-base substitution. There were 4 single-base substitutions in the flanking regions. The remaining grass species (orchardgrass, Russian wildrye, smooth brome, tall wheatgrass, and wheat), except rice, each had the CTG repeats (2-5), and between 7 and 10 single-base substitutions in the flanking regions. In addition, orchardgrass had a 6-base deletion in the 3′ end of the flanking regions. In rice, all CTG repeats were either deleted or interrupted. Rice also had the largest number of base substitutions (22) in the flanking regions.
The similarity matrix based on the DNA sequence (186 bp) data depicts the similarities among the species in a more concise form (Table 3) . Tall fescue had a sequence similarity of ≥96.6% with all other Festuca-Lolium species in the study. Of the grass species outside the Festuca-Lolium complex, orchardgrass had the most similarity (96.6%) and rice the least similarity (88.3%) to tall fescue. DNA sequence data and the consequent similarity matrix derived from the PCR bands generated by the primer pair NFFA036 revealed similar relations among genotypes (data not shown).
The phylogenetic tree based on the nucleotide substitution data of DNA sequences (NFFA150) revealed similar results as obtained from SSR marker data (Figs. 1 and 3) . The genetic tree placed 3 genera of tribe Poeae and 3 genera of tribe Triticeae in similar clusters as depicted by the SSR analysis. Genera Bromus and Oryza were placed in separate nodes, and B. inermis was placed close to Triticeae as expected. Rice was grouped as a very distinct cluster, because of large sequence differences, from the other grasses (Table 3). The tree obtained from the analysis of primer pair NFFA036 was similar (data not shown).
Discussion
Initial screening and cross species markers
The high level of conservation of many EST-SSR primers across distantly related grass species indicates the potential of these markers to be useful in different grass species. Conservation of EST-SSR markers among grasses is expected for 2 main reasons. First, grass genomes are conserved even across distantly related grass species (Ahn and Tanksley 1993; Kurata et al. 1994; Gale and Devos 1998) . Second, as EST-SSR markers are derived from transcribed regions of the DNA, they may be more conserved and have a higher rate of transferability than genomic SSR markers (Kantety et al. 2002) . The results of this study indicate that these tall fescue EST-SSRs have high levels of polymorphism in all forage grasses in this study. While the number of bands per primer pair within a species averaged only 2.1, the number of bands per primer pair over the 12 species was very high (23.5). Thus, these markers are fairly polymorphic across species and can be used to discriminate genotypes with wide genetic differences.
A set of EST-SSR markers was identified ( Table 2 ) that can amplify characteristic SSR-type products across a wide variety of species in the Poaceae family. These markers will be useful for grass species with few or no available molecular markers. The complexity of banding pattern increased with increasing genetic distance from tall fescue, the species from which the EST-SSRs were developed. Primer pairs with sharp amplification products (C) can be used with confidence. However, with careful scoring, primers with few nonspecific amplification products (M) can also be used. This will be an informative marker set for comparative genomics and will allow use of the vast information developed in rice and wheat for improvements of cool-season for- age grass species. The usefulness of comparative mapping in forage grasses has been demonstrated (Humphreys et al. 1995; Stammers et al. 1995; Jones et al. 2002; Alm et al. 2003) .
Cluster analysis
Cluster analysis of SSR data indicates that these markers were effective for evaluation of genetic variation in the forage grass species in the present study. The genotypes within a species were distinguished, and each species formed its own distinct group. This is especially important, because only a few or no SSR markers are currently available for each of these forage grass species. SSR markers were also useful in establishing relations among genotypes within a species, among species of a genus, and among genera of a tribe.
The genetic trees placed the 3 genera of the tribe Poeae in a loose cluster. Clustering of L. perenne and L. multiflorum separate from L. temulentum indicated the partition of outcrossing species from the self-pollinated species and supports previous findings (Xu and Sleper 1994; Charmet et al. 1997 Table 3 . Sequence similarity matrix among 12 different grass species analyzed by ClustalW (PCR products from primer pair NFFA150). grasses. Clustering of F. arundinacea and F. pratensis separately from F. rubra indicated separation of broad leaf (subg. Schedonorus) from fine leaf (subg. Festuca) fescues. According to the rate of nucleotide substitution in cpDNA spacers, the split of broad-leaved and fine-leaved fescues occurred some 9 million years ago (Charmet et al. 1997) . Clustering of F. rubra with D. glomerata instead of the other 2 Festuca species in the study was also in agreement with Leväslaiho et al. (1987) and Charmet et al. (1997) .
The Triticeae grasses, T. aestivum, T. ponticum, and P. juncea, loosely grouped together. A degree of close relation is evident between T. aestivum and T. ponticum on the basis of their crossability, fertility of F1 progeny, and chromosomal behavior (Jauhar 1995) . Tall wheatgrass has been used as a source of disease resistance for wheat (Cox 1991) , and several wheat introgression lines with Thinopyrum chromosomes or chromosome segments are available (SchulzSchaeffer and Haller 1987; Larkin et al. 1995) . SSR markers used in the present research may be helpful in tracking the integration of Thinopyrum chromosomes in wheat.
Phylogenetic analyses based on SSR markers may underestimate the genetic differences among distantly related species. Thiel et al. (2003) pointed to the limitation of interspecific transfer of SSR markers for diversity studies, because (i) SSR markers of identical band sizes may not be identical by descent (homoplasy), and (ii) alleles of different size may occur from complex mutational events (e.g., insertion or deletion in both SSR regions and flanking regions) rather than just from simple variation in the number of SSR repeats. Peakall et al. (1998) also stated that size homoplasy due to complex mutations within and beyond the SSR region may result in underestimation of genetic relations among distantly related species. Our results supported these observations. In some cases, lack of length polymorphism of SSR bands may result from the fact that base substitutions do not result in length polymorphism, and insertion and deletion can cancel each other out.
DNA sequence comparison of SSR bands
Sequencing of amplified products of 2 primer pairs across all 12 species was carried out to reveal any probable homoplasy and to determine the reasons for length polymorphism. DNA sequence data from the selected PCR bands confirm the findings from a number of previous studies involving the sequencing of PCR bands of SSR markers (Peakall et al. 1998; Thiel et al. 2003; Saha et al. 2004 ). All of these studies and the present study indicate that sequence differences of SSR markers among species, genera, and beyond may result not only from the variation in the number of simple sequence repeats but also from complex mutational events, e.g., insertions, substitutions, and deletions in both SSR and flanking regions. In some cases, the repeats may not be present at all. SSR loci amplified from rice with tall fescue EST-SSR primers in this study and in a previous study (Saha et al. 2004) did not have the repeats. Sequence data from this study and our previous study (Saha et al. 2004 ) also showed that the number of mutational events (insertions or deletions, and substitutions) tends to increase with increasing taxonomic distance from the original species from which SSR markers were derived. In the same study, however, Saha et al. (2004) reported a high level of sequence conservation within a species and across closely related species within the Festuca-Lolium complex. Marker polymorphism in these cases was mainly attributed to changes in the number of SSR repeats. The results of the current study ( Fig. 2 ; Table 3) agree with these findings.
DNA sequence data are considered the most reliable tool for phylogenetic analysis. Nucleotide substitution data of cpDNA and rDNA spacers were found to be highly similar (Charmet et al. 1997) . Internal transcribed spacer regions (ITSs) are well suited for intrageneric studies and have been used for sequence analysis in grasses (Hsiao et al. 1995) . The phylogenetic tree of the Festuca-Lolium complex obtained from cpDNA, rDNA, and ITSs analyses showed the same differentiation of 3 major groups: (i) fine-leaved fescues, (ii) broad-leaved fescues, and (iii) ryegrasses (Charmet et al. 1997 ). The sequence-based phylogenetic tree from our study was in agreement with these previous findings.
In summary, tall fescue EST-SSR markers are well suited for application in a variety of forage grasses, including the species tested in this study. The markers generated will be a valuable resource for the cool-season forage grass research community. Length polymorphism of markers was useful in evaluating genetic relations among genotypes within each species and closely related species within a genus. The usefulness of SSR data for establishing phylogenetic relations across distantly related species will need to be interpreted carefully along with any known genetic relations of the species in question. Phylogenetic trees based on sequence data and length polymorphism of SSR data were very similar.
